AZIMUT is a mobile robotic platform that combines wheels, legs and tracks to move in three-dimensional environments. Its design is the result of an interdisciplinary effort combining expertise in mechanical engineering, electrical engineering, computer engineering and industrial design. After presenting AZIMUT, this paper describes the challenges of designing such a robot, outlining the interdependencies between the disciplines and the difficult compromises that have to be made during the iterative design process of a mobile robotic platform. Modularity at the structural, hardware and embedded software levels, all considered concurrently in an iterative design process, reveals to be key in the design of sophisticated mobile robotic platforms.
INTRODUCTION
Robotics is a great domain to address interdisciplinary design. It involves a mechanical structure that is capable of moving using various types of actuators that need to be controlled and powered. Such considerations are even more challenging in the case of mobile robots, i.e., robots that have to move in the real world. Compared to a robotic manipulator, a mobile robot has to carry its own power source. It also has to work in environments that are much more opened than the well-defined operating area of an assembly line for instance. Depending on the tasks it is assigned to do, a mobile robot may operate on flat surfaces or rough terrain, indoors or outdoors, move slowly or rapidly, with or without the presence of moving objects (living or not), and potentially have to deal with hazardous conditions such as stairs, holes, etc.
The most common locomotion method to make a mobile robot move is to use two-wheel drive with differential steering and a rear balancing caster. Controlling the two motors independently makes the robot holonomic in its motion. Such robots can work well indoors on flat surfaces and in environments adapted for wheelchairs. However, their use is quickly limited by stairs or other obstacles. This is one reason that justifies the development of robots with two, four or six legs. A robot with legs is capable of changing its height when required and potentially moving over obstacles. However, legged robots have their disadvantages too. For instance, they cannot move as fast as wheeled robots on flat surfaces, and they have to move carefully to keep their balance (and in doing so they require more energy and more complex control algorithms).
Combining multiple modes of locomotion on the same platform would allow a robot to exploit the most appropriate locomotion mechanism for the prevailing operating conditions. This is kind of a natural solution since humans, being legged creatures, have built various types of machines like cars, bicycles, snowmobiles, etc., to assist them in traveling more efficiently and to compensate for the limitations of legs. The difference with a robot is that the added locomotion mechanisms can be directly assembled on the robot. In doing so, it is important to follow a modular approach in the design of the robot so that various types of locomotion mechanisms and capabilities can be added to the platform. For humans, modularity is ensured as long as the interfaces are compliant with the human body (usually using feet and hands).
This paper describes our design of a new multi-modal robotic platform that we have named AZIMUT. AZIMUT is made of four leg-track-wheel articulations and can handle a wide variety of movements. For instance, it is capable of holonomic and omnidirectional motion, climb or move over obstacles, go up and down stairs (even rotating ones). Modularity is preserved at the structural level by putting the electrical and embedded systems inside the body of the robot, and by placing the actuators on the locomotion parts (i.e., the leg-track-wheel articulations) so that they can easily be replaced. Each controllable part of the robot is equipped with its own driver and microcontroller, distributing the control over the different subsystems of the robot. All of these subsystems exchange information through shared data buses. Modularity is therefore also present at the embedded system level. To achieve all of this, it is necessary to adopt a co-design approach, combining the expertise of people in mechanical engineering, electrical engineering, computer engineering and industrial design. Since technological advances directly affect the design of mobile robots, following a modular approach is important to facilitating continuous improvements of the platform over time. We started this project with small experience in highly sophisticated mobile robotic platforms. One objective of this paper is to present what we have learned by outlining the challenges faced and the considerations that reveal to be important during the design of this first prototype of AZIMUT. The experience gained and the design tools that we propose will be helpful in future design iterations of AZIMUT or other mobile robotic platforms.
The paper is organized as follows. First, the paper reviews multi-modal robotic platforms, and follows with a description of AZIMUT and its characteristics. The paper then describes the challenges of designing sophisticated mobile robots such as AZIMUT, outlining the interdependencies between the disciplines and the difficult compromises that have to be made during the iterative design process of sophisticated mobile robotic platforms such as AZIMUT.
MULTI-MODAL ROBOTIC PLATFORMS
For this brief overview of multi-modal robotic platforms, we only address robots assembled as one integral structure, in opposition to reconfigurable robots made of an assemblage of homogeneous building blocks (e.g., Shen, Salemi and Will, 2002) . Also, we focus on robots that combine wheels, legs or tracks for locomotion.
The most popular combination is to add leg-like motion to wheeled robots. King, Shackelord and Kahl (1991) propose a robot equipped with two sets of three wheels that can flip over and climb on obstacles. NASA's Nomad 1 robot, used in 1997 to search for meteorites in the Antartic, has a transforming chassis capable of deploying the four wheels. It enables skid steering as well as explicit steering and increased stability. Compacting or stowing the wheels allows Nomad to fit within a 1.8 meter square to a 2.4 meters square footprint. However, the wheels always remain on the ground. This is not the case for the robot named WorkPartner (Ylönen and Halme, 2002; Halme, Leppänen and Salmi ,1999) , made from the Hybtor robotic platform. This design differs by putting wheels at the end of four legs (for 12 degrees of freedom). Using its wheels, the robot can reach a speed of 7 km/h. The robot has a hybrid power system, which consists of a 3 kW combustion engine and batteries, and so it would be mainly used for outdoor applications. The platform is around 1.2 meters long, 1 meter high, weighs about 160 kg and the possible payload is 60 kg. Each leg has its own Siemens 167 microcontroller, and the computer system is distributed around a CAN bus protocol. The robot's locomotion is made of three modes: the wheeled driving mode (with active balancing and active suspension), the walking mode (as for a four-legged robot) and a hybrid locomotion mode that allows the robot to walk by keeping the wheels on the ground.
Rocky 7 (Volpe, Balaram, Ohm and Ivlev, 1997), Shrimp (Estier et al., 2000) and Octopus (Lauria, Piguet and Siegwart, 2002) are three other robots that fit in the category of leggedwheeled robots. But these robots are much smaller and lighter than the previous two. Rocky 7 is an improved version of Sojourner, the robot platform that landed on Mars. It has six wheels, six degrees of freedom and weighs 11.5 kg. It is 61 cm long, 49 cm wide and 31 cm high. It only uses one onboard microcontroller. The Shrimp has six motorized wheels, using 1.75 W DC motors. The robot weighs 3.1 kg (which includes 600 g for the batteries) and is 60 cm long, 35 cm wide and 23 cm high. It has a steering wheel in the front and the rear, and two wheels arranged on a bogie on each side. The front wheel has a spring suspension. The robot is able to passively overcome obstacles of up to two times its wheel diameter and can climb stairs with steps of over 20 cm (as long as the robot is correctly aligned with the stair). Octopus is the "active" counterpart of the Shrimp. It uses eight motorized wheels, four on each side, and has a total of 15 degrees of freedom (14 are motorized). The robot is 43 cm long, 42 cm wide and 23 cm high, and weighs 10 kg. It can support a payload of 5 kg. Each motor has a local PIC processor arranged in a master-slave configuration and exchanging information using standard I2C protocol. Using information provided by its tactile wheels, the geometric angles of the articulations and the direction of the gravity field, the robot has to figure out how to control its motors to move over an obstacle. Finally, there is also the work of Steeves, Buelher and Penzes (2002) that fits in this category, but at the level of conceptual design. They have studied in simulation the dynamic behavior or a robotic platform equipped with legs (sprung prismatic legs) and wheels.
The other popular combination consists of using tracks on articulated parts. The Urban robot made by iRobot inc. is the most well known example (Matthies et al., 2000) . This robot has two side-tracks of 68.6 cm in length on each side, with two articulated tracks in the front that can do continuous 360 degree rotation and enable crossing curbs, climbing stairs and scrambling over rubble. When the articulations are stretched out, the robot measures 88 cm in length. It is 40 cm wide and 18 cm high. It weighs 20 kg, with 3 kg of batteries. It can go as fast as 80 cm/s on flat surfaces. The onboard controller is a 68332 Motorola microcontroller. There is also Chen and Hsieh (2000) who designed a robot equipped with four wheels and four tracks, two of each on each side, and that can be used in combination to create different motion patterns.
If we consider the designs described in the previous paragraphs, using articulated tracks offers the advantage of not requiring complex control mechanisms for preserving the stability and minimizing the vibration of the robot as it climbs stairs or moves over obstacles. The robot is able to keep a good contact with the ground, preserving its stability. However, the tracks must be deployed, which may make it hard for the robot to turn while climbing a circular staircase for instance. In the following section we describe how AZIMUT is capable of taking such constraints into consideration.
AZIMUT
The underlying objectives for the design of this new robotic platform are to provide a wide variety of movements in 3-D space like moving forward and backward, turning, rotating on itself, lifting itself up, moving over obstacles, going up and down stairs, and moving in all directions (omnidirectional). The design must also be modular, allowing to add and to change parts easily at the structural, hardware and software embedded levels. 
Articulations Up Facing Sideways
The robot can move from side to side in relation to the direction it is facing.
Articulations Up in Diagonal
The robot can move in angle in relation to the direction it is facing.
Articulations Up Rotation
This mode allows the robot to change its orientation by turning on itself with minimum friction.
Articulations Up Steering Drive One pair of articulations can be used for propulsion while the other is used for steering.
Articulations Stretched
In this mode, the tracks are used for propulsion. This would be useful for stairs or to climb over obstacles.
Articulations Down
The robot can move on top of its legs, making it lift itself to change its perception of the world or pass over objects.
The design we came up with is shown in Figure 1 . AZIMUT is symmetric and has four articulated parts attached to the corners of a square frame. Each articulated part combines a leg, a track and a wheel, and has three degrees of freedom. Each articulation is independent, and so the robot uses 12 motors for its locomotion. The leg can rotate 360 degrees around the y axis and 180 degrees around the z axis. Once an articulation is placed at the right position, the system is designed to keep it in position without requiring any energy from the motors. When the articulations are stretched, the robot can move by making the tracks rotate around the legs. As the articulations move upward toward the orientation of the z axis, the point of contact of the leg with the ground moves from the tracks to the rubber strips fixed outbound of the attachment axle of the articulations (on the left of the track in Figure 2 ). This z y x rubber strip creates a very narrow wheel that allows the robot to change the direction of an articulation with minimum friction.
The robot also offers nice features such as:
• two retractable side-handles to lift the robot;
• an accessory-fixing plate on the top of the chassis;
• a PDA interface for debugging the onboard embedded systems of the robot;
• two control panels allowing easy interface with the onboard systems of the robot;
• a sliding compartment for the onboard PC/104 computer, making computer upgrade and maintenance easier;
• aesthetic bodywork attached to the chassis using easily accessible fixtures.
Possible Modes of Locomotion
By placing the articulations in different positions, AZIMUT can adopt various locomotion modes like the ones shown and described in Table 1 . And since each articulation is independent, the robot can create much more sophisticated modes. For instance, in can turn while climbing a staircase by changing the direction of the front articulations and the back articulations. The robot can move with its front articulations stretched at 45 degrees in relation to the horizontal axis, which will allow the robot to climb over obstacles. The robot can cross its articulations and lift itself up when it gets stuck over an obstacle. The first five modes are also possible with the robot's articulations down. Being omnidirectional, it would also be possible for a group of AZIMUT robots to change direction in a coordinated fashion to transport together a common payload or large objects. Many other configurations can be imagined, and the 12 degrees of freedom on AZIMUT give the robot great flexibility and versatility in its motion capabilities.
Hardware Description
The usual approach for designing a mobile robot is to have a central microcontroller board to interface all of the sensors and actuators of the platform. This board has to be designed with all of the possible extensions (in terms of I/O and in the processing capabilities of the microcontroller) in mind. Another approach is a modular one: the robot hardware is made of different subsystems that communicate with each other to exchange information and to coordinate their actions. Each subsystem has its own microcontroller, selected according to the processing requirements for the particular subsystems. For AZIMUT, this approach is the most appropriate one because it allows to easily add functionality to the robot and to increase its robustness by distributing control over its components. Figure 3 represents the robot's subsystems. Each articulation has its own Local Control subsystem (controlling its three motors using PID controllers) and Local Perception subsystem. The other subsystems are associated to the platform itself: the Power subsystem distributes and monitors energy coming from batteries or an external power source to all of the other subsystems; the User Interface subsystem is there to interface the PDA with the other subsystems of the robot; the Inclinometer subsystem measures the inclination of the body of the robot; the Remote Control subsystem allows to send commands to the robot using a wireless remote control; the General Control subsystem manages positioning of the articulations when modes are changed to avoid interference, and monitors the states of the subsystems to insure safety of the platform; the Computing subsystem consists of the onboard computer used for high-level decision making (e.g., vision processing for a camera that would be used by the robot). All of the subsystems exchange information using the Coordination Bus. The Synchronization Bus is also used to synchronize the control of the articulations (e.g., to make the robot go straight forward).
Figure 3. AZIMUT'S EMBEDDED SUBSYSTEMS
The Local Perception subsystem of each articulation is made of one long-range ultrasonic sensor, two short-range ultrasonic sensors and five infrared range sensors, to detect objects and surfaces around the articulation. Figure 4 shows the perceptual zones using these sensors.
Figure 4. ONBOARD SENSORS Software Description
There are two levels of software for AZIMUT: software for the subsystems and software designed for the overall control of the robot. At the subsystem level, each subsystem follows a general procedure that allows it to examine conditions and requests posted on the bus, to complete a self-diagnostic test, to process a command or a request addressed to it, to get the data from its sensors, to process them, to give commands to its actuators and to transmit back its status on the bus. Each subsystem is designed to be implicitly safe: when not activated, a subsystem is in a state that will not put the robot in a dangerous condition. The General Control subsystem has the responsibility of activating the appropriate subsystems.
The Coordination Bus and the Synchronization Bus are implemented using CAN 2.0B protocol, a 2-wire interface with a communication rate of 1 Mb/s. The CAN interface uses an asynchronous transmission scheme employing serial binary interchange. Information is passed from transmitters to receivers in a data frame. The data frame is composed of an arbitration field of 29 bits, a control field of 6 bits, a data field of 0 to 8 bytes, a 16 bits CRC field, a 2 bits ACK field. The frame begins with a 'Start of frame' of 1 bit, and ends with an 'End of frame' space of 7 bits. We configured the arbitration field and the data field specifically for our robot designs. The arbitration field is composed of four parts that allow to prioritize and to characterize a message on the bus: three priority bits (0 being the highest priority); eight mask bits for the type of message (like emergency, high priority actuators or sensors, etc.); 9 bits (with the two most significant ones set to 1) to specify commands or requests to subsystems; 8 bits to address directly a subsystem using its hardware address (the address 255 is reserved for broadcast messages).
Figure 5. INTERFACE ON THE PDA
For the overall control of the robot, two types of software are used. The first is for testing and monitoring the states of the robot, using two different devices. One is implemented on a PDA, and Figure 5 shows a typical interface window. The PDA is a nice device for such purposes since it allows to use graphical representations of the status of the robot (which would not be possible using LCD displays as most mobile robots use). A second interface is implemented on a remote computer connected to the General Control subsystem via a RS-232 serial link. This interface allows independent control of the motors and monitoring of the states of motor encoders, the control loops and the data exchanged on the bus. Figure 6 shows one window of this interface. The middle picture is a top view of the robot. The four parts of the picture correspond to the robot's articulations. The user just has to select the articulations to monitor their states or to control their motors. Scripts of high-level commands can also be made for simultaneous control of the articulations.
Figure 6. TESTING INTERFACE ON A REMOTE COMPUTER
The second type of software developed for the overall control of the robot is a simulator. The simulator makes it possible to imagine control scenarios without having to use the actual prototype. Such scenarios can be the transitions made by the articulations to move from one locomotion mode to another, the position of the articulations as the robot goes up or down stairs, the possible interference between the articulations, etc. Figure 7 illustrates the simulated environment created using OpenGL. Figure 8 shows pictures of the first prototype of AZIMUT, completed in December 2002. The robot is made of more than 2500 parts. Twenty-three persons were involved in the design process, cumulating around 17000 work hours on the project. The characteristics of this first prototype are summarized in Table 2 . For the four Local Control subsystems and the General Control subsystem, AZIMUT uses five nanoMODUL164 from Phytec, based on a Infineon C164CI 20 MHz microcontroller. This microcontroller provides sufficient processing power to implement three PID control loops, one for each of the three motors of an articulation, with each motor having a 1024 pulses per revolution encoder. The General Control subsystem also has to manage critical tasks such as coordination of articulations. But for other subsystems, less processing capabilities are required: the processes mostly involve interfacing sensors or actuators to the CAN bus without too much calculations. For such tasks we designed a board that we named the PICoMODUL, shown in Figure 9 . It is made of a PIC 16F877, running at 20 MHz. Both the nanoMODUL and the PICoMODUL are designed to be stacked on other boards designed specifically for the robot, like a 100 Amp motor drive for an articulation, a sensor board for the Local Perception subsystem, a board that monitors the energy consumption and recharges of the batteries, a board for the RF remote control, etc.
Figure 7. SIMULATOR First Prototype

Figure 9. PICoMODUL board
The first prototype of AZIMUT demonstrates the capabilities of the robot in changing the orientation of its articulations for omnidirectional movements. The robot is also capable of moving with its articulations down and going through doors. However, because of time and cost constraints, the chassis of the robot had to be made using aluminum and steel parts. This made the platform heavier than expected. This first prototype is not yet capable of lifting itself up. But the implementation allowed to pinpoint critical components that can be improved to make a second prototype completely functional.
COMPARISON OF AZIMUT WITH OTHER MULTI-MODAL ROBOTIC PLATFORMS
Even though we came up with many solutions on our own, a lot of ideas from other multi-modal robotic platforms exist in AZIMUT. AZIMUT is capable of changing the orientation of its articulations, as for the Nomad robot. WorkPartner has the same degrees of freedom, which also uses a CAN bus and Siemens microcontrollers distributed as the robot's subsystems. However, AZIMUT provides a much diverse set of locomotion modes. While AZIMUT is much smaller than the Nomad and the WorkPartner robots, it is heavier and more complex to control than the Rocky III, the Shrimp or the Urban robots. The cost in weight might be compensated by the versatility of the locomotion modes. As for the Octopus robot, AZIMUT also uses PIC to distribute processing across the robot's subsystems.
The concept closest to AZIMUT is the High Utility Robotics (HUR) Badger, elaborated by Digney and Penzes (2002) . The HUR-Badger concept is derived from an analysis of what kind of locomotion capabilities a mobile robotic platform would need to follow a human soldier in an urban combat scenario. The design they came up with is made of two pairs of tracked units connected to a common body using rotational joints. The tracked units are sized such that they can be rotated through each other. By simulating the operational modes of the robot using Working Model 2 simulator, they were able to demonstrate how the platform could be used in various configurations that would be necessary in real operational conditions. This outlines another important point to consider in the design process of mobile robotic platforms: the presence of experts in the operating environments of the robot. For AZIMUT, the target was for indoor environments like homes and offices. But to adapt AZIMUT for outdoor uses, this becomes an additional key element. The expertise gained while making AZIMUT could be mostly beneficial to making a real first prototype of the HUR-Badger.
DESIGN PROCESS OF COMPLEX MOBILE ROBOTIC PLATFORMS
Designing such a sophisticated mobile robot platform is not an easy task, but it is a necessary one if we want mobile robots to eventually become useful and efficient agents in our world. If we assume mobile robots are going to be used only in smooth surfaces, then perception is probably the most limiting factor to make them autonomous in their decisions. But since we live in a 3D world, sophisticated moving capabilities are required. By facing the challenges of designing and building the first prototype of AZIMUT, we learned a lot on the different considerations that must be addressed, and the objective of this section is to report the observations made from this experience.
As described in the previous sections, the design of a mobile robot such as AZIMUT involves many dimensions and tools, all required to successfully building a robot. No integrated tools or detailed methodologies exist to assist in the design process of a mobile robotic platform. For designing AZIMUT we have used SolidWorks for technical drawing, Nastran for mechanical simulation, C compilers for PIC and nanoMODUL programming, a compiler for PDA programming, and other tools we had to design ourselves (like the simulator). Having described the design of one such platform, it is hard to imagine overcoming the complex engineering issues without following a detailed and structured design process, or without involving a team of people with various expertise and backgrounds.
2 http://www.krev.com/index.html.
The design process followed is based on concurrent engineering principles (Ulrich and Eppinger, 2000) . These principles call for a strong requirement analysis over the entire life cycle of the product. This assures that the majority of the requirements and constraints are addressed early in the design process in order to minimize reengineering of the design later on. The methodology has six general phases:
• REQUIREMENT ANALYSIS. This phase is the most important in the design process. It consists of an extensive search for requirements associated to the robot. These requirements come from the user's needs, the operating conditions, the production process, the project constraints (time, cost, etc.).
• FUNCTIONAL ANALYSIS. This process transposes all of the requirements into functional terms expressing what the robot must do. These functions are then organized and analyzed.
• SYSTEM DESIGN. Using a variety of creativity tools, this step elaborates the global concept that responds to all of the identified functions. This concept is then separated into subsystems.
• PRELIMINARY DESIGN. Again using creativity tools, a concept is elaborated for each subsystem. The concept must address all the functions identified for the given subsystem.
• DETAILED DESIGN. For each subsystem, calculations, drawings, schematics and technology choices are made to produce the prototype.
• INTEGRATION AND VALIDATION. In this phase, all the parts are assembled to build the complete robot. The validation is made using tests that are derived from the requirements and functions. The concurrent engineering approach addresses the horizontal integration of an engineering project. However, as we have learned with AZIMUT, a robot design is a multidisciplinary effort that calls for an early integration of a variety of fields of expertise. Other methodological considerations must be addressed to facilitate the vertical interdisciplinary integration. To be more specific, the design of a robotic platform requires the integration of five types of expertise:
• MECHANICAL. This deals with structural and part design, mechanical joints, weight estimation, calculation of torque and forces, assemblage of parts of the robot.
• ELECTRICAL. Aspects such as batteries, power distribution, motors, encoders, sensors, wiring, heat dissipation, drives, controllers, circuits and computer boards are of concern.
• COMPUTER. Processing capabilities, communication protocol, I/O interfacing, user interface, control of actuators, decision-making and debugging software are addressed.
• INDUSTRIAL DESIGN. Aesthetic aspects such as color, bodywork design and construction are studied and built.
• OPERATING CONDITIONS. Considerations of the operating conditions (which include the environment, the users, the capabilities required in the field, etc.) influence directly the choices to be made for efficient usage of the robot to be developed. Obviously, strong ties exist between these five types of expertise, and they cannot be developed without continuous exchanges between them. To work efficiently, the team must have specialists for each type and people that can work at the frontier of these expertise to allow such exchanges to be made. For that they need to understand their working methodology and their terminology. In our case specialists in mechanical, electrical and computer engineering handled engineering issues: they shared the same methodology, but their terminology and concerns had to be understood. The most discrepancies were observed with the specialists in industrial design, which followed a more intuitive, practical and less documented design methodology.
Another important challenge in designing a mobile robot is to be able to simultaneously make difficult compromises and to optimize the design. These are:
• Energy Vs Weight Vs Torque. A mobile robot has to carry its own power source. For a mobile robot powered by electricity, batteries are an important part of the overall weight of the platform. This influence the torque that the motors must generate to make the platform moves (and lifts it up in the case of AZIMUT). The amount of torque influences the size and the energetic consumption of the motors, closing the loop.
• Size Vs Electronics Vs Heat Dissipation. The size of the robot affects the amount of space available for the onboard circuitry and wiring of the robot. Minimizing size allows reducing the weight of the robot, but also decreases the amount of space left for the electronics. This also complicates heat dissipation for the circuits.
• Cost Vs Time Vs Expertise. Normally a limited budget is allocated for the design of a new robot. A schedule is also determined.
MECHANICAL ELECTRICAL COMPUTER INDUS. DESIGN OPERATING CONDITIONS
Figure 10. ITERATIVE DESIGN LOOPS
Following a rigorous design methodology is then very important to assess the risks and to monitor the progress in the design. But because a mobile robot is made of so many different components, an iterative design process must be followed: choices of components must be made, plans must be revised, small prototypes must be developed. The iterative design loops is represented in Figure 10 . All five types of expertise must be addressed from the start in the design of a robotic concept. As the concept evolves and the robot is constructed, the focus shifts from mechanical concerns to electrical and computer considerations, and design constraints. A full loop between the five domains must be completed at each phase of the design methodology, before moving into a more detailed phase.
Having historical data on the different elements that affect these compromises greatly help to optimize the different criteria. But since AZIMUT was our first design with such complexity, we did not have access to such data. Eventually time runs out and final choices must be made to start the construction of the robot. The design team may not always have the resources or the knowledge (for instance some parts may have incomplete specifications) to make the right choice or to use the proper part, and the final design decisions are not easy to make. The overall influences of these decisions can only be seen during the integration phase. Integration of all of the components is the real test to evaluate the design, and its is only then that the result of the design can be seen. During integration, the actual use of the robot as controlled by its software elements can give good indications on limits and improvements of the mechanical and electrical elements. The value of the integration phase and the time allowed to do it are usually underestimated. It should be clear though that they would be proportional to the number of elements to integrate and their respective complexity.
So, after many iterations and interactions between the mechanical, electrical, computer and industrial design groups, a first prototype of the robot is built. Having outlined the difficult challenges to overcome when designing a mobile robotic platform, it is extremely hard to come up with a perfect design with the first prototype of a complex and new concept of a robotic platform. The main objective of the first prototype is to demonstrate the feasibility of the concept and to outline integration issues. There is much value gained in this process. In our case, we evaluate AZIMUT to be functional to 80% of its capabilities, which is very well considering the complexity of the design and the constraints in time, budget and resources. Modularity at the various design levels is one important aspect that contributed to such success. Building the first prototype gave the team a very unique expertise in coming up with solutions to the compromises and optimizations to be made for such a robotic platform. This expertise change with the robotic platform to design and, obviously, starting to build a second prototype of AZIMUT with a completely new team would not be as efficient.
The first prototype allowed us to compare desired specifications with the real ones from AZIMUT's first prototype. Table 3 presents such comparisons. While it was possible to come close to the desired specifications for the width, the height, the body clearance and the articulation blocking torque, the first prototype is heavier than what was expected. Also, the articulation lifting torque is lower than what we evaluated using the motor specifications and the mechanism designed. This, combined with the increased weight, explain why the first prototype cannot lift itself up. It can however go from its articulations facing down toward the ground. Because of cost, availability and size issues, we had to select relative wheel encoders instead of absolute encoders. The maximum speed is also reasonably close to the desired value since in our tests we limited the power to the motors for safety reasons (we did not have any replacement motors in case of problems). With all of the different design considerations methodology associated with the all of the expertise required in a mobile robot, it is important to come up with tools that will optimize the iterative design loops necessary in such projects. This is one conclusion reached after completing the first prototype of AZIMUT. Introducing some tools to the design methodology, to better take into consideration the interdisciplinary integration challenges and the expertise gained by building the first prototype of AZIMUT, would improve the performance that can be reached in the design. One key element would be to derive a Product Architecture (Ulrich and Eppinger, 2000) , an architecture that includes mechanical, hardware and software considerations, that integrates all types of expertise. To achieve this goal, the function analysis would have to be built in a functional structure that highlights, between every function, all the flows of matter, energy and data that are used or transformed on the robotic platform. Grouping the functions in a fashion that minimizes the flow between the modules would allow determining the subsystems. It is easy to imagine that a Matter flow would be related to the mechanical components of the robot and the Data flow would be associated with algorithmic issues. As for the Energy flow, depending on technology choices (e.g., electric or hydraulic), it could be separated between mechanical or electrical considerations. The industrial design sets requirements on the geometric adjustments of the subsystems. Choosing subsystems that minimize the interfaces (flows) between each other is the key to an optimal modular design. It also considerably reduces the time needed for the integration phase. This functional structure would then be a common starting point for all the designers.
During the design process, it is important to keep track of the interrelations between the subsystems and their parts. To do so, several graphic tools (flow charts, organization trees, 3D assembly design) would be elaborated to outline every interrelation between the subsystems in terms of flows (matter, energy and data), geometrical layout and control sequences.
The Product Architecture would be updated and detailed to follow the state of the design at every phase of the process and to include all the robot parts (selected or custom designed) and to follow the evolution of all interrelations. Requirements and specifications would be identified for each interrelation. These requirements and specifications would address mechanical, electrical, computer or industrial design considerations depending on which type of flow they are associated with in the functional structure. This tool would provide a mean to quickly identify conflicts between the subsystems and the compromises to be made between the different fields of expertise. By providing unifying design tools, it will be easier for the operational experts to better follow the design process at all levels, to insure that the design meets all of the operational conditions prevailing in the environment in which the robot will be used. Our goal is that such tools would reveal to be very useful for the design of any types of mobile robots.
CONCLUSION
The main issue that this paper addresses is that integration of technologies and expertise is the most fundamental challenge when designing a sophisticated mobile robotic platform. The key factor required to take on this challenge is to be able to establish strong interrelations between mechanical, electrical, computer, industrial design and operational expertise. Three types of compromises and optimization factors must be closely examined through the design iterations to come up with the best possible choices for the robot. Nevertheless, these choices can only be validated through the integrated implementation of complete prototypes. This first experience in designing AZIMUT provides interesting clues on integrated design tools to help in making complex mobile robotic platforms. In future work we hope to be able to develop and refine such tools.
Technological progress will continue in the future to push the limits of sensors, actuators and processing, allowing the creation of mobile robots that are more and more sophisticated. This trend is confirmed by the high number of new robotic platforms introduced in the last five years (e.g., Aibo and SDR4x from Sony, Asimo from Honda, just to name a few). To benefit from such advances, we need to adopt a modular approach at all levels of mobile robot designs so that we can reexploit and upgrade components easily. We have tried to outline all of this by describing the design of our AZIMUT platform, a robot equipped with four independent leg-trackwheel articulations capable of 3D movements. The control of the robot is distributed through its onboard subsystems. In the near future we hope to build a second prototype of AZIMUT, overcoming the limitations identified in the first one. In future work, we want to come up with a set of mechanical-hardwaresoftware-design components that can be reused in multiple types of design, robotic or not. We also want to propose a design methodology that will allow to exploit such modules and to derive new ones, making it possible to maximize the performance of mobile robot prototypes designed.
